INTRODUCTION
Performance assessment (PA) simulates the long-term performance of a conceptual geological repository for nuclear waste or the performance of a subsystem such as the engineered barrier system (drifts, waste packages, and any components placed in the drift for structural or chemical purposes). The analysis must accommodate many hypothetical future scenarios and a range of input parameter values. Hence the PA models must abstract the major process features, to span the range of evaluations with computational efficiency and to allow for sensitivity evaluations of the total system. This abstraction is guided by experiments and detailed calculational evaluations for specific situations. The present paper shows the setting of a glass-waste chemical alteration model within the larger-scope PA model, a typical abstraction for a glass aqueous alteration model, and thus the types of topics we need to cover as exemplified by the model. The abstraction includes the most important constituents of the water contacting the waste, and an effect on the rate from the increasing silica going into solution. The interfaces to other processes at the boundary of this process domain identify some important issues.
The present example focuses on SRL-202 glass, but other glass types could be handled by a similar experiment-review and model abstraction process, in some cases resulting in a similar model with different parameters. Figure 1 shows, on the left, the outline of a PA modelÕs scope. External scenarios such as a varying climate and features such as the rate of fracture-matrix interaction in groundwater flow provide the setting. Then flow and geochemical processes, and eventual corrosion of waste packages, establish the glass wasteÕs immediate environment. The range of scenarios and the localized details of groundwater contact with engineered materials lead to a range of environments for the glass waste. The waste form model tracks the alteration of the waste form and the mobilization of radioactive elements as solutes or colloids for transport. Figure 1 shows, on the right, the outline of the glass waste form model at a finer level of detail. Vapor phase hydration can alter some of the monolithic glass waste form, if the container has been breached, even before liquid water reaches the glass. Water contact can alter the glass and provide a medium for transport of some of the waste. Solubility limits and colloid formation have an effect on how much waste can be transported away from the waste package.
CONTEXT
This paper shows how experimental information on aqueous alteration can be summarized in a form useful in a performance assessment model. Parameter links to neighboring vapor-phase and solubility models can be provided by the device of storage compartments of modified materials. Outline of the performance assessment modelÕs scope (left) and glass waste form alteration model (right). The present paper focuses on the submodel for aqueous alteration of the glass (rectangle). The products from vapor hydration are an input condition for this submodel, and the silica and other constituents exposed by glass alteration are among the inputs to a solubility model, which provides another possible constraint on the amount of waste available for transport.
External scenarios

GLASS ALTERATION RATE
Experimental and modeling work on aqueous alteration of borosilicate glass shows that the important parameters which need to be considered in order to predict radionuclide release rates from the glass block are temperature, exposed surface area, solution pH, and dissolved silica concentration in solution. Currently, the most successful long-term dissolution models for borosilicate glass employ a rate equation consistent with transition state theory. A simplified rate equation can be given as:
where R = alteration rate of glass (g/yr), s = surface area (m 2 ), k = glass surface alteration rate constant (g/m 2 /yr), = a function of temperature and pH of the solution, Q = concentration of dissolved silica (g/m 3 water), K = a quasi-thermodynamic parameter for borosilicate glass, ≈ solubility of amorphous silica (g/m 3 water), σ = constant to be determined based on experimental data.
At present, the value of σ is not well determined based on the available data. A simple and acceptable value of 1.0 is used in our model. The values for other parameters are discussed below.
Most of the experiments supporting this model and its parameter variations are either batch experiments with a fixed quantity of water, or flow-through experiments at a high flow rate. Some scenarios for water contact with a waste package involve flowing water at a low flow rate. One goal of this paper is to adapt the experimental observations in extended-time batch experiments, especially at low ratios of water volume to surface area, to the low-flow scenarios, where the ratio of water volumetric flux to wetted surface area will be important.
Equation (1) indicates that the dissolution rate will slow down as the dissolution adds to the silica (SiO 2 ) in solution. DWPF glass, as an example, contains about 50 wt% of silica. 2 As the glass dissolves, secondary phases begin to precipitate. A fraction f p of the silica contained in the glass will be trapped in the secondary phases. Thus, only (1Ðf p ) of silica in altered glass actually dissolves in the solution. The value of f p increases with increasing surface area to volume ratio and silica concentration in solution. Since there is not sufficient data for consideration of the change of f p , a constant intermediate value of f p = 0.5 is assumed in our model.
Further, the experimental data for several glass compositions show that even when the solution is saturated with silica after a long period of time, there is still a long-term dissolution rate, as evidenced by the increasing concentration of certain highly soluble elements of the glass composition. We are more interested in the release of soluble radioactive elements from the glass matrix than in the silica itself, so we include this long-term glass alteration rate in our model.
Rate Constant, k
The rate constant, k, has been measured over a range of pH and temperature conditions. Figure 2 shows the results for k in units of g/m 2 /day from flow-through experiments by Knauss et al. 3 Regression relations for log 10 k are also given in the figure.
Solution Chemistry, Q Inflow and K Other than pH, the major groundwater chemistry parameter affecting the glass dissolution rate is the concentration of dissolved silica, Q. The local groundwater chemistry in the vicinity of the repository will likely be dominated by the host rocks 4 and the incoming silica concentration Q Inflow is therefore expected to be close to cristobalite saturation at the ambient temperature. Cristobalite is a common constituent of the host rocks at Yucca Mountain. Table 1 lists concentrations of silica in equilibrium with cristobalite at temperatures from 0 to 150°C from the thermodynamic database SUPCRT92. 5 K in Equation
(1) for the waste glass in this simple model is assumed equal to the equilibrium constant for amorphous silica. K actually varies as a function of glass composition, but for most waste glass compositions, the experimentally determined value of K is of the same general magnitude but less than the value of K for amorphous silica. Our simplification therefore gives conservative estimates. Table 1 also lists values of log 10 K (in molality) for temperatures from 0 to 150°C. For temperatures between 0 and 100°C, the relations can be expressed, with T in °C and K in g/m 3 , as: 
Long-term Dissolution Rate
As mentioned above, even when the solution is saturated with silica after a long period of time, there is still a non-zero dissolution rate. Because we currently do not have a mechanistic model that can predict the variation of the long-term rates with environmental parameters, an averaged value of k long = 0.002 g glass/m 2 /day is recommended for SRLÐ202 glass. This value was obtained from glass corrosion tests at 90°C. For other temperatures, the same temperature dependency relation for k is assumed as in Fig. 2 . That is, for pH≥7, k long ≈ 10 δ g/m 2 /yr with δ = 12.40 -4550 T + 273
Then the alteration rate R in place of Equation (1) is
This simple model ignores all solution chemistry other than pH and silica concentration. We know from a variety of experiments that species such as dissolved Mg and Fe can change glass dissolution rates by up to several orders of magnitude. Mg decreases the rate, Fe increases the rate. We do not account for effects such as these in this model. We also leave vapor phase alteration of the glass for a separate but connected model; see qualitative discussion later in this paper.
GLASS RELEASES FROM A WASTE PACKAGE
Two water contact modes, flow-through and pool modes, are considered here and shown schematically in Fig. 3 . In the flow-though mode, we assume the water flows down the side of a waste glass log and keeps a surface area, s, wet. As any unit volume of water flows downward, it dissolves some glass and increases its silica concentration until it departs at the bottom. We assume there is no mixing of a moving unit volume with adjacent volumes before or behind it in the flow path. The pool mode has thorough mixing of the water, providing a spatially constant silica concentration. In a steady state, the silica going into solution from the glass per year is balanced by the silica carried away, which equals the flux times the outgoing minus incoming concentrations. A pool could be a small puddle fed by a drip or it could fill a waste package with a breach near the top as illustrated in the figure. During the filling transient the wetted area increases, so the silica concentration only gradually approaches a steady-state value.
In a moving mass of water in the flow-through contact mode, the dissolution rate will slow down as the silica in solution increases, as discussed above with Equation (1). The mass fraction of silica in the glass composition, f si , and the fraction of dissolving silica which becomes trapped in secondary phases, f p , play a part in this evolving balance.
In the same evolving solute chemistry, the pH will change and hence will also affect the dissolution rate. However, the change in pH will be a complex function of the flow rate, buffer capacity of the fluid, and alkali content of the glass. There is insufficient data to obtain a relationship for the change of pH due to the dissolution of glass. Therefore, a constant pH value of the flowing water is used in the calculations below. For the flow-through mode with a high flow rate, the pH value of the inflowing groundwater is appropriate. For a low flow rate with extensive alteration, the pH trends to higher values; the higher value should be used as the constant value. 
Surface Area
After being poured and cooled, the glass undergoes fracturing. Estimates for the increase in glass surface area due to fracturing range from 2 to 100 times the uncracked surface area. A reasonably conservative value to use is 25. 6 The initial total glass surface area per waste package, A o , is made up of a nominal area per glass log, number of glass logs per package, n, and a cracking factor F, a multiplier on the nominal area. The total surface area is typically on the order of 300 m 2 , assuming n=4 and F=25. For low water flux we expect a rather limited area can be wetted. The wetted area, s, generally depends on the groundwater flow rate, q, and is an input in our model. To complete the model we make the strawman assumptions (i) the wetted area stays at a constant size as long as it is less than the total surface area, and (ii) the total surface area decreases as the remaining unaltered mass decreases. Some further discussion is given below when we consider vapor hydration.
Flow-through Mode
The area of the glass log wetted by water, s, is to be determined within the model for in-package hydrology. A larger wetted area produces a larger release. But the silica in solution effect moderates the increase with area, for a fixed water flux.
With a thickness of the water film on the glass of ∆, the volume of water covering the glass is (s ∆). (Fortunately ∆ will cancel out in the following development.) When groundwater of a flow rate of q covers a portion of surface area as shown in Fig. 3 , the time for the water to flow in and out of the package is
As the water proceeds downward, the silica increases and the reaction rate slows down. For a steady state flow condition, the glass dissolution condition can be considered by following a moving unit volume of water (s'∆) contacting the glass for a duration of t out . We let u = t/t out . The increase of silica concentration during a scaled-time interval, du, is:
f si = fraction of silica in glass f p = fraction of altered silica trapped in secondary phases
This equation could be integrated by a finite difference method while k and K vary with temperature. But we assume that t out is small enough that the temperature does not change significantly during the movement of a small unit mass through the glass-water system. Then we can integrate analytically. If the silica concentration of incoming groundwater is Q i , and that of outgoing is Q o after a duration of t out , then
where α = fks Kq .
For intermediate points along the flow, we rewrite (7) to
For large q compared to (f k s), we have a Òhigh-flowÓ condition dominated by the incoming water. Then using the approximation exp(Ðα) = 1 Ð α, Equation (7) can be changed to a form similar to Equation (1).
For small q compared to (f k s), the system is dominated by the glass surface reaction and approaches a silica-saturated condition. Also f p starts changing toward high values but there is not very precise data for f p . We use the constant intermediate value of 0.5. Applying the small-q, high-α case to Equations (7) and (8), exp(Ðα) approaches zero, and exp(-α•x/x max ) approaches zero as α and/or x increase. Then Q(x) approaches a limit K and dQ in Equation (6) approaches zero.
The silica transported away per m 3 of water is (Q o Ð Q i ). The corresponding amount of glass altered (in grams) is higher. Then R, the dissolution rate (g/yr) from the whole waste glass in the waste package is:
and the release rate of soluble radionuclides is proportional to this R.
Rate control by long-term rate. When the incoming silica concentration is very near its effective saturation limit K, then a long-term rate applies for the entire wetted surface.
Then the alteration rate R is given by Equation (5).
Transition in rate-controlling mechanism. For some cases there is a transition of the dissolution rate controlling mechanism from Equation (1) to Equation (5) at an intermediate point before a mass of water exits from the glass surface. The transition occurs at a point τ = t/t out = x/x max defined by the equality of localized rates:
Pool Mode
A simple steady-state limit can be found for the completely mixed water reservoir case, and assuming constant temperature, by equating the silica moving out, q¥( Q o Ð Q i ), with the silica going into solution, f s k¥ ( 
, where α is the same as in the flow-through mode. Rearranging,
This is similar in form to Equation (7), except for α /( α +1) in place of [1 Ð exp(Ðα)]. For any given α, the net outflow rate q¥( Q o Ð Q i ) of silica, proportional to the mass dissolution rate and to the rate of releasing radionuclides from the glass block, is higher for the flowthrough mode of Equation (7) than the pool mode of Equation (11). During filling of the container, or during buildup of a puddle on a flat glass surface, the wetted surface area increases gradually to its steady-state area. Then the silica and radionuclides in solution are less than in the steady-state balance just given, and increase toward the balance as a limit. Equations for this transient period are available in closed form for constant-temperature conditions, 7 and can be determined by finite-difference computational method for changing temperature conditions. After first filling is completed, the rate of approach toward the limit is controlled by the turnover time of the pool, which is also the fill time, q/V liquid (m 3 /y divided by m 3 ).
Vapor Hydration and Its Coupled Effects
If a container is breached and humid air reaches the glass, the glass will react and form an alteration rind composed of hydrated glass and secondary phases. The durability of this material with respect to later contact with liquid water may be much greater or much less than the unaltered glass. The vapor alteration rate is dependent on temperature and relative humidity. A thick alteration rind may develop before liquid reaches the area to be wetted. As a simple model coupling, the vapor-altered chemical masses can be considered to be in a vapor-altered mass compartment. Upon wetting, the silica mass in the compartment, a fraction of which may be readily soluble, will increase the silica in solution and reduce the aqueous alteration rate until enough silica is carried away. The altered radionuclide masses in the compartment may be treated as exposed to the water and constrained only by solubility limits.
While some surface is wet, the remaining surface is still exposed to vapor alteration, although at a declining rate, since the temperature declines over time. Some of the remaining surface eventually comes under the ÒwetÓ regime, either as glass mass is altered by the aqueous process, or conceivably by a meandering water flow. A geometric formula based on mass consumption or some other formula may be postulated for the gradual transfer of dry hydrated surface area to the wet compartment.
AQUEOUS ALTERATION CALCULATIONS
We consider typical glass waste logs, four to a container, with properties listed in Table  2 . We consider Òball-parkÓ to moderately conservative glass environment conditions, as follows. The temperature at the waste packages is higher in early years, and declines below 100°C after some thousands of years, and declines to about 30°C after tens of thousands of years. The general water infiltration flux through the rock, before temporal modifications by the heat load emplaced in the repository, is anticipated to be on the order of 1 to 10 mm/m 2 -y. The pH is initially 7 to 8 but increases during contact with the glass. For the calculation we use a constant pH of 9. , the same slowdown is seen at first, but at higher temperatures the long-term rate, which also increases with temperature, controls. Figure 4 , right, shows the increase with wetted area for a fixed influx. At first the increased net rate with area is slowing down because of silica, but at higher areas the long-term rate takes over.
These examples are for incoming water chemistry dominated by the host rock. In an alternate scenario, the incoming water could be dominated by contact with concrete in the engineered system. Then the initial pH would be quite high, and thus the initial glass reaction rate would be quite high. Then the glass reaction products would moderate the initial rate. Because of the declining pH, it would not be conservative to assume that the final pH is present for the entire water contact, and a changing pH could be added to the model.
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1.E-06 (Right) Aqueous alteration rate, varying wetted area. q=0.005 m 3 /y, T=80¼C.
CONCLUSIONS
Information of the aqueous alteration rate was abstracted for use in a performance assessment model. Net dissolution rate depends on the incoming water and glass chemistry and on the ratio of water flow to reaction rate. With some assumptions and approximations the model has an algebraic form and is useful for approximate sensitivity studies over a broad range of input environment values. Some simple approximate methods are suggested for connecting the aqueous alteration process model to neighboring processes which must be included in the total system performance assessment model.
